Salvia desoleana is a herbaceous perennial shrub endemic of Sardinia (Italy). The leaves are a source of essential oil, used in pharmaceutical and cosmetic industries. The therapeutic function of this species has been associated to the presence of essential oils rich in α/β-pinene, p-cimene, linalool, linalyl acetate and 1,8-cineole. Today the industrial request of Salvia essential oils is increasing and most of the biomass is exploited from the natural populations which are under severe risk of genetic erosion. In order to improve the essential oil production, the study of the environmental parameters that influence composition, quality and quantity of the essential oils, turns out to be necessary. Soil physical and chemical structure represents one of the determinant factors in secondary metabolites production, and could also be involved in volatiles fraction composition in the same species. The main aim of this research was to explore the relationship between essential oil profiles and soil characteristics in S. desoleana populations.
The genus Salvia, family Lamiaceae, includes more than 1,000 species, which are spread out all over the world. The interest in these species has recently grown because of the pharmaceutical and aromatic properties of their foliage, their role in food industries and their utility as ornamental plants [1] . Sage (S. officinalis) essential oil, for instance, is reported to have anti-bacterial, fungistatic, virostatic and anti-inflammatory activity, while several studies reported antioxidant and antispasmodic activity of its leaf extracts [2] [3] [4] .
S. desoleana
Atzei & Picci is an endemic species of Sardinia (Italy), now retrievable only from a few isolated sites of the island. Morphology, biochemical constitution, chromosome number and genetic diversity were the principal characters used to discriminate this species from other closely related sage species such as S. sclarea [5, 6] . S. desoleana prefers dry habitats, and is reported to survive drought and high temperatures that typically characterize the Mediterranean Basin environmental and climatic conditions. The importance of this species is well known since ancient times, when it was largely used in folk medicine [7, 8] . Its stem and leaves were and are still used to make an infusion with antipyretic, antispasmodic, hypertensive, stimulant, tonic and astringent properties. Some of its therapeutic effects are based on its essential oil content, which includes α-pinene, β-pinene, p-cymene, linalool, linalyl acetate and 1,8-cineole.
In medicinal plants several environmental parameters could influence the qualitative and quantitative composition of secondary metabolites. In Sardinian populations of Helichrysum italicum, for instance, it has been shown that ecological factors, such as habitat, altitude, soil types and meteorological conditions could influence chemical and genetic diversity of wild populations [9] .
In addition, more recently in mint, a positive influence was recorded of organic fertilizer and lime doses on yield and chemical composition of the volatile fraction of this species [10] .
Considering the role of soil chemical and physical structure in secondary metabolites production, in this study we report the preliminary findings on the relationship between S. desoleana essential oils production and soil type from the latest sampling sites detected in Sardinia.
Analysis of the volatile fraction by GC/MS identified 22 different compounds, which included 15 mono-, 6 sesqui-and 1 di-terpene (Table 1 ). High variability in relative concentrations of each compound was revealed in all S. desoleana samples. The monoterpene fraction for almost all the populations was predominant, followed by the sesquiterpene content. Gergei instead showed a slightly higher percentage of sesquiterpenes (32.6%) compared with the other samples. Furthermore, although at low concentration, the diterpene fraction was detectable in all S. desoleana samples except for the plants from the Gergei locality. In addition, the presence/absence of specific terpenes clearly differentiates the population metabolic profiles, for example the absence of the three monoterpenes (α-terpineol, β-carene, camphene) discriminated Gergei samples from the other S. desoleana populations, as well as the lack of α-thujene characterizes the Villagrande essential oil profile. The sesquiterpene fraction was highly variable among the S. desoleana populations. Luogosanto and Saccheddu, for instance, were the only two localities to present a variable content of β-cubebene, while aromadendrene was not detected in Villagrande. Finally, bicyclogermacrene was found only in the Gergei accessions. An opposite trend was found for sclareol (diterpenes fraction), which was revealed in all samples, with the exception of Gergei (Table 1) .
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S. desoleana plants colonize a wide range of soil types [11] , which may have an impact on their essential oil production. In particular, previous study conducted on other commercial crops reported that some environmental variables can be adjusted to optimize the yield and profile of essential oils [12] . Despite the economic value of Salvia spp, to our knowledge no information is available on the influence of soil type on secondary metabolite production in wild S. desoleana populations.
In this study we collected S. desoleana plants from five sampling sites which showed high variability in soil physical and chemical parameters ( Table 2) .
Physical soil structure, based on total skeleton, composition of fine earth, clay, silt and sand, revealed that these substrates were not equally distributed; Gergei, for example, showed the highest content of clay and silt, and the lowest percentage of sand. Total skeleton showed a wide range of variability with the highest values in Villagrande and Luogosanto (28.1% and 26.4%, respectively) and the lowest in Saccheddu (2.6%). The soil chemical composition was evaluated by K 2 O (ppm), P 2 O 5 (ppm) and N 2 (% total). The major differences were found considering the K 2 O and P 2 O 5 . The Gergei's K 2 O concentration, in particular, showed the highest value, and Luogosanto the lowest. Finally, the pH variation found among the sampling sites was very limited.
Little information is available on the relationship between soil and secondary metabolites profile in wild sage species. In Cistus monspeliensis [13] it was reported that the oil composition was influenced by soil type, but no equivalent study in S. desoleana has been performed yet. Pairwise correlations (Pearson, P < 0.05) between volatile fraction and soil parameters were explored (Table  3 ). Physical soil structure (silt and sand) was significantly correlated with α-pinene, sclareol and aromadendrene. In Figure 1 are reported these compound trends in the five studied localities. S. desoleana from Gergei and Villagrande, which showed the highest silt soil percentages, presented the highest content of α-pinene. Sclareol, instead, was less produced in those plants growing in fields rich in silt, as shown in Luogosanto and Nuragus (Figure 1a) . The sand and silt content showed an opposite correlation with the αpinene concentration. Aromadendrene was produced in soil rich in sand, as revealed in Luogosanto, Nuragus and Saccheddu ( Figure  1b) . In general, this study showed that the soil chemical structure also influenced the essential oil composition ( Table 3 ). The influence of soil structure on the essential oil composition was previously explored in Rosmarinus officinalis, Pinus halepensis and Cistus albidus [14] . In R. officinalis, α/β-pinenes were differentially produced in calcareous and siliceous soils; and in general, a significant difference in monoterpene and sesquiterpene contents was found between the two soil substrates.
The influence of soil type and structure on the essential oil composition has also been studied in a few other aromatic plant species. In particular, a close correlation between soil chemical and physical structure and chemotypes was found in Cranioteome furcata [15] . In this study, the ten sampling sites had four C. furcata chemotypes that presented qualitative and quantitative differences in essential oil fractions. In particular, germacrene D, which plays an important role as a precursor of several sesquiterpenes, deeply varied between the different soils. A similar trend was found in the S. desolena plants explored in this study, where a significant correlation between germacrene D and K 2 O soil content was shown. A possible explanation might be related to the anti-herbivore defence that could have contributed to the selection of S. desoleana genotypes that are the result of specific plant -environment coevolution processes. In general, soil structure and chemical In this study we observed that monoterpenes, sesquiterpenes and diterpenes were significantly correlated to the K 2 O content, as shown in Figure 2 and Table 3 .
Whereas the plants coming from Gergei presented almost the same content of mono-and sesquiterpenes, the other sage accessions showed different terpene productions based on the K 2 O content. Monoterpenes in fact are negatively correlated to the K 2 O content and, except for Gergei plants, all the other sampling sites presented a low level of K 2 O and high production of monoterpenes. A similar trend was, in general, observed for the diterpene compounds. In this case, the higher diterpene production was correlated to the K 2 O content; furthermore, an opposite trend was observed for the sesquiterpenes. Previous study conducted on Satureja hortensis L.
(Lamiaceae) in Iran, showed that the addition of fertilizer up to a specific level, influences the essential oil yield [17] . In contrast with this study we did not find an increasing level of all chemical fractions with the increasing concentration of soil N 2 , P 2 O 5 , and K 2 O. The apparent discrepancy with our results might be related to several factors: such as the different species, the genetic characteristics of S. desoleana, and the different growing conditions. In our research, we collected S. desoleana wild populations and explored the essential oil profile in natural soil condition.
Future studies are necessary to explore the relationship between quality and quantity of essential oil production in different soil and environmental conditions. Different concentrations in soil physical and chemical parameters will be explored in order to improve the volatile fraction production in S. desoleana. Extraction and isolation: About 50 g of sampled leaves for essential oils extraction was hydrodistilled according to [18] . The oil composition was established using a GC/MS G1800B series device. The chromatographic separation was performed with an AT-5 (Grace Alltech) capillary column (60 m × 25 mm × 0.25 µm). The GC/MS analysis was performed according to the following parameters: PTV injector temperature 280°C, oven starting temperature 50°C, increasing by 3°C/min up to 135°C then at 5 °C/min up to 225°C, and finally to 260°C at 5°C/min. The temperature was held at 260°C for 10 min. Helium was used as the carrier, at a constant flow rate of 1 mL/min. The mass spectrometer parameters were: electronic impact ionization 70 eV, scan range m/z 50 -450 and interface temperature 290°C. Each sample was diluted with n-hexane (1:100) and injected 4 times. Comparison between original standards and each sample was performed to identify the compounds [19, 20] . In addition, each spectrum was compared with library mass spectra [21,22a,22b] .
Experimental
The chemical and physical soil parameters analysed are listed in Table 1 . Each sample was taken at a depth of 30 cm, close to the roots of the sampled plants. Soil texture was determined following [23, 24] . The soil solution pH was measured with a pH meter. The organic carbon content and the organic matter were determined using the method of [25] . Total soil nitrogen (N 2 ) was calculated according to the Kjeldahl method, available phosphorus (P) following [26] and potassium (K) using a BaCl 2 /triethanolamine solution [27] .
Statistical analysis:
Multivariate analysis (Pearson, P < 0.05) was used to evaluated pairwise correlations between essential oils and soil chemical composition. All the analyses were performed using JMP 7 software [28] .
